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The human body develops from a single cell, the zygote, the product of the maternal
oocyte and the paternal spermatozoon. That 1-cell zygote embryo will divide and
eventually grow into an adult human which is comprised of ∼3.7 × 1013 cells. The
tens of trillions of cells in the adult human can be classified into approximately 200
different highly specialized cell types that make up all of the different tissues and organs
of the human body. Regenerative medicine aims to replace or restore dysfunctional cells,
tissues and organs with fully functional ones. One area receiving attention is regeneration
of the intervertebral discs (IVDs), which are located between the vertebrae and function
to give flexibility and support load to the spine. Degenerated discs are a major cause
of lower back pain. Different stem cell based regenerative medicine approaches to
cure disc degeneration are now available, including using autologous mesenchymal
stem cells (MSCs), induced pluripotent stem cells (iPSCs) and even attempts at direct
transdifferentiation of somatic cells. Here we discuss some of the recent advances,
successes, drawbacks, and the failures of the above-mentioned approaches.
Keywords: stem cell, pluripotency, regenerative medicine, differentiation, intervertebral disc, lower back pain,
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HUMAN STEM CELL TOTIPOTENCY
The most stringent definition of human totipotency is defined as the ability of a single cell when
placed in its normal environment (i.e., uterus) to undergo a developmental program that eventually
gives rise to an offspring which itself is fertile (Condic, 2014). In human embryos experimental
evidence indicates that the cells of the embryo are totipotent from the 1-cell stage (zygote) up until
the 4-cell stage, where it has been shown that at least one of the blastomeres of the 4-cell embryo
(after reimplantation into the uterus) is capable of giving rise to a fertile human (Veiga et al., 1987;
Van De Velde et al., 2008; De Paepe et al., 2014). It has been suggested that the blastomeres of
the 8-cell embryo are also totipotent as individual blastomeres are able to give rise to both the
inner cell mass (ICM) and trophectoderm (TE) of the blastocyst (Mottla et al., 1995). Furthermore,
molecular studies have shown that the transcriptomes of individual blastomeres taken from 8-cell
embryos are essentially identical, suggesting that they have yet to make any molecular decisions
regarding lineage commitment or differentiation (Galan et al., 2010). But using the strict definition
of totipotency as described above, evidence is lacking that the individual blastomeres of the 8-cell
human embryo are indeed totipotent.
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PLURIPOTENCY
It has been estimated that the human body is made up of
∼3.7 × 1013 cells (Bianconi et al., 2013) and by histological
analysis these cells are commonly divided into ∼200 different
cells types (reviewed in Alberts et al., 2015). The developmental
potency of in vitro established human cell lines isolated
from preimplantation stage human embryos has been studied
intensively over the past several years. The earliest developmental
stage of human embryonic stem cells (hESCs) isolated in vitro
are referred to as “naïve” (meaning of greater developmental
potential) and subsequently transitions through to a stage of
lesser potential termed “primed” (reviewed in Nichols and
Smith, 2009; Davidson et al., 2015; Ávila-González et al., 2016;
Hockemeyer and Jaenisch, 2016; Weinberger et al., 2016; Wu
et al., 2016 and references therein). Cells of the primed stage
are equivalent to epiblast cells of the preimplantation human
embryo. Epiblast cells are capable of giving rise to the each of the
three principal germ layers, ectoderm, mesoderm, and endoderm
of the embryo. The mesodermal layer is what gives rise to the
notochord and somites, the two precursors which eventually
give rise to the cells of the nucleus pulposus (NP) and annulus
fibrosus (AF), respectively, of the intervertebral disc (reviewed in
Sivakamasundari and Lufkin, 2012, 2013).
MULTIPOTENT MESENCHYMAL STEM
CELL
Mesenchymal stem cells (MSCs) are termed “multipotent” as
they were initially shown to be able to differentiate into
three different lineages, namely adipocytes, osteoblasts, and
chondrocytes (Pittenger et al., 1999). MSCs were initially found
in adipose tissue, dental pulp, bone marrow, and circulating
blood. Recent advances withMSCs have shown they also have the
ability to differentiate into myocytes, cardiomyocytes, fibroblasts,
myofibroblasts, epithelial cells, and neurons (reviewed in Liu
et al., 2009) and can be found in other hematopoietic sites such
as fetal cord blood and liver. Recent studies indicate an even
greater number of tissues which contain MSCs (Perez-Silos et al.,
2016). Given the larger number of cell types which the MSCs are
capable of differentiating into, and the different germ layers from
which these differentiated cells are normally derived, it might
be more appropriate to consider them pluripotent rather than
only multipotent. Additionally MSCs are phenotypically quite
heterogeneous, so current criteria for what constitutes a MSC is
that it must: (1) adhere to plastic cell culture dishes; (2) express
certain CD markers in the majority (95%) of the population
(CD105, CD90 and CD73) and not express a group of six CD
markers as well as HLA-DR in the same population and; (3) be
able to differentiate into adipocytes, osteoblasts and chondrocytes
(reviewed in Liu et al., 2009).
WHY IS THE INTERVERTEBRAL DISC
IMPORTANT?
The vertebral column is the most critical physical support
framework for vertebrates, functioning to provide mechanical
support along with flexibility, as well as protection of the spinal
cord and associated spinal nerves (Figure 1). The vertebral
column is comprised of a characteristic metameric arrangement
of the vertebral bodies linked together by intervertebral
discs (reviewed in Sivakamasundari and Lufkin, 2012, 2013;
Lawson and Harfe, 2015). An indispensable aspect of the
vertebral design, the intervertebral disc (IVD) serves to
withstand biomechanical forces and confers tensile strength
and flexibility in motion to an otherwise rigid spine (Risbud
and Shapiro, 2011). Intervertebral disc degeneration is a
prevalent spinal malady, which can lead to back pain, as
can more severe spine aﬄictions like spinal stenosis, IVD
herniation, or radiculopathy. At some point in their lives,
over 75% of the population will be affected by low back pain
(Raj, 2008). In the USA the annual expenditures related to
chronic back pain can surpass $35 billion in terms of medical
health care costs and the reduction in productivity from lost
workdays. This exceeds the combined costs of coronary artery
disease, stroke, rheumatoid disease, diabetes, and respiratory
infection and imposes an enormous socio-economic burden
(Walker, 2000; Goetzel et al., 2003; Katz, 2006).
DEVELOPMENTAL BIOLOGY OF THE
INTERVERTEBRAL DISC
The IVD is an unique non-vascularized fibrocartilage tissue
consisting of a lamellar-structured circular AF surrounding
the central NP core and incased above (superior) and below
(inferior) by the vascularized cartilage endplates through which
nutrients can diffuse to the AF and NP (Sivakamasundari
and Lufkin, 2012; Kraus and Lufkin, 2016). The IVD is the
largest non-vascularized tissue in the body. The IVD tripartite
structure functions in an integrated biophysical manner, with
the hydrogel-like NP acting to resist compression of the spine,
while the fibrous design of the AF permits it to resist tension
and simultaneously retain and support the NP during spinal
loading. The endplates function to hydraulically encase the
NP and AF above and below, as well as providing limited
access to nutrients and structural linkage to the adjacent
vertebral bodies (Sivakamasundari and Lufkin, 2013). Molecular
genetic analysis in mice indicates that the NP is derived
from the notochord, a structure that is laid down by the
retreating node along the rostrocaudal axis during gastrulation
(reviewed in Lawson and Harfe, 2015). In contrast, the AF,
cartilage endplates, and vertebral bodies are all derived from
the sclerotome portion of the somite (Sivakamasundari et al.,
2017). The forkhead-related protein transcription factors Foxa1
and Foxa2 appear to play a critical role in the transition
of notochordal cells to NP cells, as in their absence the
NP fails to form (Maier et al., 2013). Likewise, the paired-
domain containing transcription factors Pax1 and Pax9 are
critical for formation of the AF from the sclerotome, where it
has been shown that they are connected to the chondrogenic
transcription factors Sox5 and Sox6 through a negative
feedback loop. Pax1 and Pax9 appear to mediated their effect
in part via modulation of the BMP and TGF-B pathways
(Sivakamasundari et al., 2017).
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FIGURE 1 | Anatomical structure of the lumbar spine and intervertebral
discs. (A) Lateral view of three adjacent human vertebrae (VB) with two
intervening intervertebral discs (IVD). The VB attaches to the IVD through the
cartilage end plates (CEP). The spinal nerve (SN) roots exiting the spinal cord
are indicated, as well as the transvers processes (TP) that connect the VB to
the spinous process (not visible). With increased age the IVD becomes thinner
in part due to fluid loss from the extracellular spaces. This can result in the
formation of bone spurs (osteophytes), which in turn can impinge on the spinal
nerve roots causing severe pain. (B) Rostral (superior) view of the intervertebral
disc (IVD) with the CEP removed to allow better visualization of the internal
IVD. The concentric circles of lamellae (L) that make up the annulus fibrosus
(AF) are indicated with arrows. The centrally located gelatinous nucleus
pulposus (NP) is indicated and is surrounded by the AF. The caudally (inferior)
located vertebral body (VB) and transverse process (TP) are indicated, as well
as the location of the spinal cord (SC).
TREATING IVD DISEASE WITH MSCS
Mesenchymal stem cells (MSCs) have been studied as a potential
source material for treating cartilaginous skeletogenic defects,
andwith regards to the IVD themajority have focused onNP cells
(reviewed in Sivakamasundari and Lufkin, 2012, 2013). The bulk
of these studies resulted in cells that were closer in phenotype to
chondrocytes, rather than NP cells. Chondrogenic differentiated
MSCs are unlikely to be the best choice for repair of a damaged
disc. Injection of such cells in the NP does not result in the
appropriate hydrogel matrix characteristic of the NP, but instead
results in the generation of hyaline cartilage. Notochordal cells
have been investigated as a substrate to coax MSCs toward an NP
phenotype (Purmessur et al., 2011). Micromass cultured human
MSCs when exposed to notochord cell conditioned medium
showed an increase in glycosaminoglycan (GAG) and an up-
regulation of SOX9 and COLII gene expression (Purmessur et al.,
2011) hence the identification and optimization of the soluble
factors produced by notochordal cells could provide a supporting
strategy for directing MSCs to a NP phenotype. Thus being able
to coax MSCs toward an AF or NP fate will be crucial to ensure
future effective disc repair. Progress in this direction has been
hampered in part by a poor consensus on identifying markers
which clearly distinguish between NP and AF cells (Thorpe et al.,
2016). In fact some studies suggest that both the NP and AF
may be composed of a heterogeneous cell population (Van Den
Akker et al., 2014, 2016; Thorpe et al., 2016; Kraus et al., 2017).
Nevertheless, such studies have served as a jumping off spot to
adjust the in vitro cell culture conditions to more directly obtain
AF or NP cells from multipotent stem cells (Hofer and Tuan,
2016).
DIRECTING STEM CELLS TOWARD AN NP
OR AF LINEAGE
The majority of studies on differentiating mesenchymal stem
cells (MSCs) to an IVD cell type have focused on the NP cell
phenotype. In contrast, AF cells have received less attention,
although repair of the AF would be of great utility in reversing
the effects of herniations and tears which result in prolapsed
or herniated “slipped” discs. Recent animal studies suggest that
BMSCs could be an effective treatment to a damaged AF (Li
et al., 2016). The AF is comprised of water and an intricate
concentric layering of crisscross oriented elastic collagen fibers
known as lamellae. The crisscross orientation of the lamellae
give the AF greater strength not unlike the concentric belts
in an automobile tire. The AF can be subdivided into two
parts, the inner AF (IAF) and the outer AF (OAF). The IAF is
cartilaginous during embryogenesis and expresses large amounts
of Collagen II, whereas the OAF is more fibrous and expresses a
greater amount of Collagen I (Sivakamasundari et al., 2017). This
demarcation between IAF and OAF become less pronounced
at later stages of development and in the adult. (Hayes and
Ralphs, 2011). The fact that the entire spine research field has
so far been unsuccessful in generating true AF and NP cells
from MSCs suggests that they might not be the ideal starting
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material despite their relative ease of isolation and autologous
nature. Their stem cell potency as described abovemay be limited
such that they cannot adopt either the AF or NP identity or
important clues from the extracellular matrix are missing. It
is for that reason that work with hESCs remains important,
and resulting differentiation protocols are likely transferable to
autologous induced pluripotent stem cells (iPSCs).
SUCCESSFUL STEM CELL TRIALS IN
ANIMALS
Animal studies suggest that the IVD contains a resident stem
cell population (Shi et al., 2015; Kraus et al., 2017), however this
work was performed in rodents and bovine so it is unclear if
the same cell populations will be found in humans. Interestingly,
the canine breed Dachshund is commonly aﬄicted with disc
degeneration and disc herniation in a manner similar to humans
(Hoffman and Dow, 2016). Like humans, aﬄicted canines can
show back pain, impaired movement, or near paralysis. In several
studies using mesenchymal stem cells injected into affected
discs, treated canines showed improvement, including reduced
pain, ataxia, improved reflexes, and neurologic-locomotory
recovery although surprisingly there did not appear to be
any ultrastructural changes as monitored by MRI (reviewed in
Hoffman and Dow, 2016). This underscores the utility of using
an animal model (canine or bovine Kraus et al., 2017) which
are more similar to human and also indicates that the criteria
for stem cell mediated clinical success of disc disease might
be focused on alleviation of symptoms and recovery of normal
activity rather than ultrastructural changes in the spine as assayed
by MRI.
STEM CELLS IN HUMAN CLINICAL TRIALS
FOR IVD DISEASE
In a recent controlled study of 24 patients with chronic low back
pain, 12 received a transplantation of allogeneic mesenchymal
bone marrow cells via intradiscal injection (Noriega et al.,
2016). Five of the treated patients (∼40%) displayed a quick
and significant improvement in pain relief suggesting that this
simple, non-surgical procedure can provide pain relief to a
certain percentage of those suffering from chronic low back pain
(Noriega et al., 2016). In another recent independent study on
humans (Elabd et al., 2016), five patients who presented with
degenerated discs had bone marrow mesenchymal stem cells
removed and cultured in vitro under hypoxic conditions, which is
the normal state of the IVD. The patients subsequently received
intra-discal injections of their own (autologous) hypoxic cultured
cells. Follow up studies after several years including MRI showed
no aberrant growths (tumors) or abnormalities and the patients
reported improvements in both mobility and strength (Elabd
et al., 2016). These results suggest the feasibility and safety of this
approach. Future work should possibly focus on a randomized,
controlled, double blind study with a larger number of patients.
The U.S. National Institutes of Health has a searchable
database for clinical trials (https://clinicaltrials.gov). At the time
of this writing a search identified 36 studies that have been
registered for stem cell treatments of defective or diseased
intervertebral discs. Eight of these studies are currently recruiting
patients. One ongoing trial with an estimated enrollment of 360
patients is being directed by Mesoblast, Ltd (Mesoblast, 2016).
The company which is based in Melbourne, Australia and New
York, NY features proprietary allogeneic mesenchymal adult
stem cells (MLCs) which are purported to be found adjacent
to blood vessels. Using monoclonal antibodies they are able to
isolate from them mesenchymal precursor cells (MPCs) that
are subsequently expanded in culture without differentiation.
Apparently MSCs can be derived from MPCs in cell culture
following density gradient separation and adherence to tissue
culture plastic ware, a characteristic of stem cells. One line of
MPCs is referred to as Rexlemestrocel-L and it will be used in the
clinical trial (Mesoblast, 2016) which has a projected completion
date in 2020. Based upon the above-described successes with
intra-discal injections of MSCs, one could hope for a favorable
outcome.
WILL iPSCs PLAY A SIGNIFICANT ROLE IN
IVD REGENERATION
Induced pluripotent stem cells (iPSCs) either derived from the
patient needing treatment (autologous) or obtained from a cell
bank using a human leukocyte antigen (HLA) matched line
both hold great promise as approaches in regenerative medicine.
However, it appears that the former strategy is very time
consuming and quite costly as extensive quality control (such as
entire genome sequencing) needs to be performed on each of the
individual patient-specific iPSC lines owing to the elevated risk
of generating random mutations, which could possibly lead to
tumor formation during the iPSC generation protocol (Kamao
et al., 2014). Homozygous HLA matched iPSC quality tested,
banked and clinically safe cell lines from healthy donors (like
those found at the CiRA Center, Kyoto University, Japan) also
hold much promise for stem cell based therapies (Sugita et al.,
2016; Takahashi and Yamanaka, 2016), but the current limited
number of lines available makes this an option for only a small
percent of the world’s population (Karagiannis and Eto, 2016;
Sakurai et al., 2016). In a recent interview, Shinya Yamanaka,
who developed the strategy for iPSC generation (Takahashi and
Yamanaka, 2006, 2016) suggested that iPSCs would likely only
be useful for treating approximately nine human diseases (spinal
cord injury, joint disorders, Parkinson’s, specific blood disorders,
heart and liver failure, retinal and corneal diseases, and diabetes)
over the next decade or so, and IVD-related diseases were not
among them (Ravven, 2017). That is not to say that at some point
in the future iPSCs will not be utilized to treat degenerative disc
diseases or other IVD-related pathologies, but rather it does not
appear to be on the immediate horizon.
CONCLUSION
Important advances in regenerativemedicine are at our doorsteps
for the treatment of degenerative diseases that emerge with
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an increasingly longer life span, eventually enabling safe
replacement of failing body parts, such as degenerated IVDs.
All cells of a mature organism have once shared the totipotent
origin of the 1-cell zygote. MSCs are just one type of pluripotency
restricted differentiation product thereof generated through the
concerted interaction of complex transcription factor networks
during development. While the numbers of clinics and private
practices offering MSC-based stem cell treatments for various
degenerative illnesses, including degenerative disc disease, are
on the rise, it remains important to understand the precise
fate and contribution of these cells following their use in a
therapeutic context and as such, promote a safer outcome
for regenerative medicine based approaches to degenerative
diseases.
AUTHOR CONTRIBUTIONS
TL and PK were involved in the writing of this mini-review
inaugural article.
FUNDING
This work was funded by the Bayard and Virginia Clarkson
Endowed Chair in Biology to TL.
REFERENCES
Alberts, B., Johnson, A., Lewis, J., Raff, M., Roberts, K., and Walter, P. (2015).
Molecular Biology of the Cell, 6th Edn. New York, NY: Garland Science, Taylor
and Francis Group.
Ávila-González, D., García-López, G., Garcia-Castro, I. L., Flores-Herrera, H.,
Molina-Hernández, A., Portillo, W., et al. (2016). Capturing the ephemeral
human pluripotent state. Dev. Dyn. 245, 762–773. doi: 10.1002/dvdy.24405
Bianconi, E., Piovesan, A., Facchin, F., Beraudi, A., Casadei, R., Frabetti, F., et al.
(2013). An estimation of the number of cells in the human body. Ann. Hum.
Biol. 40, 463–471. doi: 10.3109/03014460.2013.807878
Condic, M. L. (2014). Totipotency: what it is and what it is not. Stem Cells Dev. 23,
796–812. doi: 10.1089/scd.2013.0364
Davidson, K. C., Mason, E. A., and Pera, M. F. (2015). The pluripotent state in
mouse and human. Development 142, 3090–3099. doi: 10.1242/dev.116061
De Paepe, C., Krivega, M., Cauffman, G., Geens, M., and Van De Velde, H. (2014).
Totipotency and lineage segregation in the human embryo.Mol. Hum. Reprod.
20, 599–618. doi: 10.1093/molehr/gau027
Elabd, C., Centeno, C. J., Schultz, J. R., Lutz, G., Ichim, T., and Silva, F. J.
(2016). Intra-discal injection of autologous, hypoxic cultured bone marrow-
derived mesenchymal stem cells in five patients with chronic lower back
pain: a long-term safety and feasibility study. J. Transl. Med. 14:253.
doi: 10.1186/s12967-016-1015-5
Galan, A., Montaner, D., Poo, M. E., Valbuena, D., Ruiz, V., Aguilar,
C., et al. (2010). Functional genomics of 5- to 8-cell stage human
embryos by blastomere single-cell cDNA analysis. PLoS ONE 5:e13615.
doi: 10.1371/journal.pone.0013615
Goetzel, R. Z., Hawkins, K., Ozminkowski, R. J., and Wang, S. (2003). The health
and productivity cost burden of the “top 10” physical and mental health
conditions affecting six large U.S. employers in 1999. J. Occup. Environ. Med.
45, 5–14. doi: 10.1097/00043764-200301000-00007
Hayes, A. J., and Ralphs, J. R. (2011). The response of foetal annulus fibrosus cells
to growth factors: modulation of matrix synthesis by TGF-beta1 and IGF-1.
Histochem. Cell Biol. 136, 163–175. doi: 10.1007/s00418-011-0835-x
Hockemeyer, D., and Jaenisch, R. (2016). Induced pluripotent stem cells meet
genome editing. Cell Stem Cell 18, 573–586. doi: 10.1016/j.stem.2016.04.013
Hofer, H. R., and Tuan, R. S. (2016). Secreted trophic factors of mesenchymal stem
cells support neurovascular and musculoskeletal therapies. Stem Cell Res. Ther.
7:131. doi: 10.1186/s13287-016-0394-0
Hoffman, A. M., and Dow, S. W. (2016). Concise review: stem cell trials
using companion animal disease models. Stem Cells 34, 1709–1729.
doi: 10.1002/stem.2377
Kamao, H., Mandai, M., Okamoto, S., Sakai, N., Suga, A., Sugita, S., et al.
(2014). Characterization of human induced pluripotent stem cell-derived
retinal pigment epithelium cell sheets aiming for clinical application. Stem Cell
Rep. 2, 205–218. doi: 10.1016/j.stemcr.2013.12.007
Karagiannis, P., and Eto, K. (2016). Ten years of induced pluripotency: from
basic mechanisms to therapeutic applications. Development 143, 2039–2043.
doi: 10.1242/dev.138172
Katz, J. N. (2006). Lumbar disc disorders and low-back pain: socioeconomic
factors and consequences. J. Bone Joint Surg. Am. 88(Suppl. 2), 21–24.
doi: 10.2106/00004623-200604002-00005
Kraus, P., and Lufkin, T. (2016). Bovine annulus fibrosus cell lines isolated from
intervertebral discs. Genom Data 10, 83–84. doi: 10.1016/j.gdata.2016.09.012
Kraus, P., Yerden, R., Kocsis, V., and Lufkin, T. (2017). RNA in situ hybridization
characterization of non-enzymatic derived bovine intervertebral disc cell
lineages suggests progenitor cell potential. Acta Histochem. 119, 150–160.
doi: 10.1016/j.acthis.2016.12.004
Lawson, L., and Harfe, B. D. (2015). Notochord to nucleus pulposus transition.
Curr. Osteoporos. Rep. 13, 336–341. doi: 10.1007/s11914-015-0284-x
Li, X., Zhang, Y., Song, B., En, H., Gao, S., Zhang, S., et al. (2016).
Experimental application of bone marrow mesenchymal stem cells for the
repair of intervertebral disc annulus fibrosus. Med. Sci. Monit. 22, 4426–4430.
doi: 10.12659/MSM.898062
Liu, Z. J., Zhuge, Y., and Velazquez, O. C. (2009). Trafficking and differentiation of
mesenchymal stem cells. J. Cell. Biochem. 106, 984–991. doi: 10.1002/jcb.22091
Maier, J. A., Lo, Y., and Harfe, B. D. (2013). Foxa1 and Foxa2 are
required for formation of the intervertebral discs. PLoS ONE 8:e55528.
doi: 10.1371/journal.pone.0055528
Mesoblast (2016). A Prospective, Multicenter, Randomized, Double-blind, Placebo-
controlled Study to Evaluate the Efficacy and Safety of a Single Injection of
Rexlemestrocel-L Alone or Combined With Hyaluronic Acid (HA) in Subjects
With Chronic Low Back Pain. NIH Identifier: NCT02412735. ClinicalTrials.gov.
Available online at: https://clinicaltrials.gov/ct2/show/NCT02412735.
Mesoblast, Ltd.
Mottla, G. L., Adelman,M. R., Hall, J. L., Gindoff, P. R., Stillman, R. J., and Johnson,
K. E. (1995). Lineage tracing demonstrates that blastomeres of early cleavage-
stage human pre-embryos contribute to both trophectoderm and inner cell
mass.Hum. Reprod. 10, 384–391. doi: 10.1093/oxfordjournals.humrep.a135949
Nichols, J., and Smith, A. (2009). Naive and primed pluripotent states. Cell Stem
Cell 4, 487–492. doi: 10.1016/j.stem.2009.05.015
Noriega, D. C., Ardura, F., Hernández-Ramajo, R., Martin-Ferrero, M. A.,
Sánchez-Lite, I., Toribio, B., et al. (2016). Intervertebral disc repair by
allogeneic mesenchymal bone marrow cells: a randomized controlled trial.
Transplantation doi: 10.1097/TP.0000000000001484. [Epub ahead of print].
Perez-Silos, V., Camacho-Morales, A., and Fuentes-Mera, L. (2016). Mesenchymal
stem cells subpopulations: application for orthopedic regenerative medicine.
Stem Cells Int. 2016:3187491. doi: 10.1155/2016/3187491
Pittenger, M. F., Mackay, A. M., Beck, S. C., Jaiswal, R. K., Douglas, R., Mosca, J.
D., et al. (1999). Multilineage potential of adult humanmesenchymal stem cells.
Science 284, 143–147. doi: 10.1126/science.284.5411.143
Purmessur, D., Schek, R. M., Abbott, R. D., Ballif, B. A., Godburn, K. E.,
and Iatridis, J. C. (2011). Notochordal conditioned media from tissue
increases proteoglycan accumulation and promotes a healthy nucleus pulposus
phenotype in human mesenchymal stem cells. Arthritis Res. Ther. 13, R81.
doi: 10.1186/ar3344
Raj, P. P. (2008). Intervertebral disc: anatomy-physiology-pathophysiology-
treatment. Pain Pract. 8, 18–44. doi: 10.1111/j.1533-2500.2007.00171.x
Frontiers in Cell and Developmental Biology | www.frontiersin.org 5 March 2017 | Volume 5 | Article 17
Kraus and Lufkin Stem Cells and Intervertebral Disk Degeneration
Ravven, W. (2017). The Stem-Cell Revolution Is Coming — Slowly (An interview
with Shinya Yamanaka). The New York Times 1/16/2017 Available online at:
https://www.nytimes.com/2017/01/16/science/shinya-yamanaka-stem-cells.
html?_r=0.
Risbud, M. V., and Shapiro, I. M. (2011). Notochordal cells in the adult
intervertebral disc: new perspective on an old question. Crit. Rev. Eukaryot.
Gene Expr. 21, 29–41. doi: 10.1615/CritRevEukarGeneExpr.v21.i1.30
Sakurai, K., Kurtz, A., Stacey, G., Sheldon, M., and Fujibuchi, W. (2016). First
proposal of minimum information about a cellular assay for regenerative
medicine. Stem Cells Transl. Med. 5, 1345–1361. doi: 10.5966/sctm.2015-0393
Shi, R., Wang, F., Hong, X., Wang, Y. T., Bao, J. P., Cai, F., et al. (2015).
The presence of stem cells in potential stem cell niches of the intervertebral
disc region: an in vitro study on rats. Eur. Spine J. 24, 2411–2424.
doi: 10.1007/s00586-015-4168-7
Sivakamasundari, V., Kraus, P., Sun, W., Hu, X., Lim, S.L., Prabhakar, S.,
et al. (2017). A developmental transcriptomic analysis of Pax1 and Pax9
in embryonic intervertebral disc development. Biol Open 6, 187–199.
doi: 10.1242/bio.023218
Sivakamasundari, V., and Lufkin, T. (2012). Bridging the gap: understanding
embryonic intervertebral disc development. Cell Dev. Biol. 1:103.
doi: 10.4172/2168-9296.1000103
Sivakamasundari, V., and Lufkin, T. (2013). Stemming the degeneration: IVD stem
cells and stem cell regenerative therapy for degenerative disc disease. Adv. Stem
Cells 2013:724547. doi: 10.5171/2013.724547
Sugita, S., Iwasaki, Y., Makabe, K., Kimura, T., Futagami, T., Suegami, S.,
et al. (2016). Lack of T Cell response to iPSC-Derived retinal pigment
epithelial cells from HLA Homozygous Donors. Stem Cell Rep. 7, 619–634.
doi: 10.1016/j.stemcr.2016.08.011
Takahashi, K., and Yamanaka, S. (2006). Induction of pluripotent stem cells from
mouse embryonic and adult fibroblast cultures by defined factors. Cell 126,
663–676. doi: 10.1016/j.cell.2006.07.024
Takahashi, K., and Yamanaka, S. (2016). A decade of transcription factor-
mediated reprogramming to pluripotency.Nat. Rev. Mol. Cell Biol. 17, 183–193.
doi: 10.1038/nrm.2016.8
Thorpe, A. A., Binch, A. L., Creemers, L. B., Sammon, C., and Le Maitre,
C. L. (2016). Nucleus pulposus phenotypic markers to determine stem
cell differentiation: fact or fiction? Oncotarget 7, 2189–2200. doi: 10.18632/
oncotarget.6782
Van Den Akker, G. G., Surtel, D. A., Cremers, A., Richardson, S. M., Hoyland,
J. A., Van Rhijn, L. W., et al. (2016). Novel immortal cell lines support
cellular heterogeneity in the human annulus fibrosus. PLoS ONE 11:e0144497.
doi: 10.1371/journal.pone.0144497
Van Den Akker, G. G., Surtel, D. A., Cremers, A., Rodrigues-Pinto, R., Richardson,
S. M., Hoyland, J. A., et al. (2014). Novel immortal human cell lines
reveal subpopulations in the nucleus pulposus. Arthritis Res. Ther. 16:R135.
doi: 10.1186/ar4597
Van De Velde, H., Cauffman, G., Tournaye, H., Devroey, P., and Liebaers,
I. (2008). The four blastomeres of a 4-cell stage human embryo are
able to develop individually into blastocysts with inner cell mass and
trophectoderm. Hum. Reprod. 23, 1742–1747. doi: 10.1093/humrep/
den190
Veiga, A., Calderon, G., Barri, P. N., and Coroleu, B. (1987). Pregnancy after
the replacement of a frozen-thawed embryo with less than 50% intact
blastomeres.Hum. Reprod. 2, 321–323. doi: 10.1093/oxfordjournals.humrep.a1
36542
Walker, B. F. (2000). The prevalence of low back pain: a systematic review
of the literature from 1966 to 1998. J. Spinal Disord. 13, 205–217.
doi: 10.1097/00002517-200006000-00003
Weinberger, L., Ayyash, M., Novershtern, N., and Hanna, J. H. (2016).
Dynamic stem cell states: naive to primed pluripotency in rodents
and humans. Nat. Rev. Mol. Cell Biol. 17, 155–169. doi: 10.1038/nrm.
2015.28
Wu, J., Yamauchi, T., and Izpisua Belmonte, J. C. (2016). An overview of
mammalian pluripotency. Development 143, 1644–1648. doi: 10.1242/dev.
132928
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2017 Kraus and Lufkin. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 March 2017 | Volume 5 | Article 17
